strips. This technology, based on the amperometric sensing of glucose using screen-printed enzyme electrodes, has generated revenues of over $5 billion/year. 7 For those interested in the use and development of electrochemical tools for sensing bacteria, this review aims to provide a first point of contact, emphasising fundamental sensing principles and advances in materials, characteristics and performance. In the first section, we describe the principles behind electrochemical sensing, current electrochemical methods and their advantages and disadvantages. In the second section, we provide a selection of case studies of the application of these electrochemical methods for detecting pathogenic bacteria. Such case studies will simply illustrate the strategies implemented to improve sensitivity, selectivity and portability, rather than provide a comprehensive review of the current literature in the area. Interested readers are encouraged to further their interest with other reviews [4] [5] [6] [8] [9] [10] [11] [12] [13] [14] [15] which extensively cover individual aspects of pathogen detection, in-depth descriptions of some of the techniques discussed below, 8, 9 the use of metal nanoparticles (NP), 10, 12, 13 and the use of multiplexing 11 or screen-printed electrodes. 6, 14, 15 In the final section, we provide a general view of the challenges faced when developing an electrochemical sensor that can deliver a fast, reliable and sensitive response to the presence of a bacterial pathogens. Solving these challenges will require the combined expertise of electrochemists, biomedical scientists, synthetic chemists, material scientists and electronic engineers.
The challenge of early detection of pathogenic bacteria
Bacterial infections remain a leading cause of morbidity and mortality worldwide. 16 This is especially the case in developing nations where infectious diseases cause up to 40% of deaths. 17 Poor sanitation or lack of access to treatment are among the main causes for the high impact of bacterial infections in these countries. In recent times, new challenges are emerging that affect developed countries as well: there is an increase in infectous bacteria that are resistant to our current antibiotics and antimicrobials (Figure 1) , 18, 19 while the pipeline of novel antibiotics that can target these resistant bacteria is currently very limited. 20 As such, the landscape for infectous diseases in developed countries is likely to change in the forthcoming years. 
18,19
Of all the routes of infection, water and the food chain are still the fastest modes of transmission. [21] [22] [23] [24] [25] In addition, there is an increase in the number of healthcare-associated infections, especially of resistant strains of opportunistic microbes (e.g. Pseudomonas aeruginosa, Klebsiella, Acinetobacter). These emerging pathogens pose new challenges, the least of which is the need to develop rapid and point-of-care diagnostics. We need to be able to quickly and reliably identify the causative agent of infection and its antimicrobial resistance so that tailored treatments can be implemented which selectively target the desired pathogen. Targeted treatment is essential to minimise the unwanted effects of broad-spectrum antimicrobials; in particular, the increase in antimicrobial resistance.
Electrochemical methods
This section describes the fundamentals of the three common electrochemical methods used for detecting pathogens: 2.1) voltammetry, 2.2) amperometry/potentiometry and 2.3) impedance spectroscopy. We include a general description of how different analytes can be sensed using these electrochemical methods. In addition, we highlight their fundamental advantages and limitations to help the reader select the best method for a specific analysis.
Voltammetric detection
Voltammetric methods are based on the change in the potential that is applied to the electrode-solution interface as a function of time, together with the measurement of the current. 26 Cyclic sweep voltammetry is often used as the preferred method for the acquisition of information such as oxidation/reduction potential, kinetics, and reaction mechanisms. 26, 27 As can be seen from Figure 2A , in a cyclic voltammetry, the voltage is scanned from a lower limit potential to an upper limit potential. The scan rate is defined by the time taken to sweep the whole potential range; the current response is plotted as a function of voltage rather than time. Two different sensing approaches can be followed when using cyclic voltammetry: 1) receptor mediated sensing ( Figure Amongst all the electrochemical characterisation methods, pulse strategies, such as Differential Pulse Voltammetry (DPV), Normal Pulse Voltammetry (NPV) and Square Wave Voltammetry (SWV), are perhaps the most sensitive and therefore most extensively used in electro analysis. The main advantage of pulse techniques resides in the different decay rates of the charging and faradaic currents. Because the charging current decays much more rapidly than the faradaic current, during each pulse, the capacitive current is negligible compared to that of the faradaic current. 26 This increased ratio between the faradaic current with respect to the capacitative current allows for a lower detection limit, ideal for analytical purposes. DPV ( Figure 3A ) and SWV ( Figure 3B ) are often the first choice in electroanalysis due to their ability to be operated at high frequency, thus providing a unique time resolution component not present in the other pulse techniques. 9 Another significant advantage of these methods is the possibility for canceling the oxygen reduction currents (or other residual currents) from the background. 27, 28 There are numerous studies related to electrochemical sensing of pathogens using SWV. 9, 29, 30 The advantage of SWV over DPV is the quick response, even at high effective scan rates (1 V/s), which reduces the scan time of the analysis. In addition, SWV has a lower consumption of electroactive compounds in relation to DPV and has fewer complications related to the blocking of the electrode surface. Figure 3C shows the typical SWV response of an electrode, modified with a specific receptor, as a function of the concentration of a metabolite produced by a bacterial pathogen. 
Amperometric and potentiometric detection
Amperometric and potentiometric detection of pathogens are based on the changes in current (or potentials) while the electrode is maintained at a constant potential (or current) with respect to the reference electrode. 26 In both cases, the sensor consists of biological structures than can selectively adsorb microbes (e.g. glycans, antibodies or aptamers), coupled to an enzymatic transduction system. The enzyme-catalysed reaction is only triggered upon bacteria adsorption and generates or consumes a species, which is subsequently detected by an ion-selective electrode. 28 These methods provide a logarithmic concentration dependence, which implies high sensitivity. The recent implementation of field effect transistors for the detection of microbial contamination amplified the signal of the analytical device, providing improved sensitivity in a reduced circuit. A field effect transistor is a semiconductor device used to amplify and switch electronic signals. 31, 32 In addition to the higher sensitivity, these detection methods are also time-effective and economical. 28, 33 However, amperometric sensors suffer from poor selectivity. This is because all components in solution with a standard potential, E°, smaller than the operating potential, E, of the sensor will contribute to the faradaic current.
Impedimetric detection
This type of sensor detects impedance changes to small amplitude, sinusoidal voltage signal as a function of frequency, in the dielectric properties of an electrode upon analyte adsorption. 26, 28 Two strategies have been used for the detection of pathogens using impedimetric techniques. In one strategy, bare electrodes, or electrodes modified with bioreceptors, can be used to measure the impedance change caused by the unspecific, or specific binding of bacteria to the electrode, respectively (Figure 4 ). 8 The second strategy directly detects metabolites produced by pathogens as a result of growth -a powerful tool for sensing bacterial toxins in contaminated samples ( Figure 5 ). 34, 35 Impedimetric methods can quantify the extent to which the bacterium or metabolite is 
Case studies of electrochemical detection of pathogens
The literature on electrochemical detection of pathogens is extensive and, therefore, not feasible to summarise in a single review. In this section we present a selection of recent and relevant reports on the development of electrochemical biosensors, selecting examples that highlight the best analysis times, sensitivity and specificity achieved thus far with electrochemical biosensors. It is important that we make a clear distinction between the electrochemical technique used by a specific device and the technologies incorporated alongside (e.g., magnetic NPs, captured antibodies and enzymatic amplification); while the former has its own intrinsic advantages (Section 2.1-2.3), the latter can be combined to achieve improved specificity, low detection limits and analysis of complex sample matrices.
Moreover, the use of captured biomolecules is the only means to endow these sensors with pathogen as well as strain specificity. Therefore, the purpose of this section is to demonstrate how the two components of these devices (i.e., the electrochemical method and the coupled technologies) can be combined to meet the requirements of its final application. Finally, we provide a table comparing the examples given herein, summarising their detection limits, time of analysis, selectivity and overall performance.
Cases studies of voltammetric detection of pathogens
Fernandes et al. reported a remarkably sensitive electrochemical sensor based on DNA hybridisation and voltammetric transduction, which uses working electrodes decorated with multiwalled carbon nanotubes and chitosan-bismuth complexes for signal amplification. Unfortunately, besides the extraordinary sensitivity and rapid electrochemical response, this protocol still requires undesirable sample pre-treatment steps including a 16-hour culture, DNA extraction and polymerase chain reaction amplification.
Another example of the voltammetric detection of pathogens was described by Bellin et al.
using a multiplexing system displaying high sensitivity, thanks to integrated amplifiers. 29 The authors developed a novel colony imaging chip based on the voltammetric quantification of P. aeruginosa´s metabolites. This system consisted of an array of 60 thin film gold working electrodes distributed in 5 channels, each containing integrated transimpedance amplifiers multiplexed into 12 working electrodes ( Figure 6 ). The electrochemically measured concentrations of phenazines (a redox-active metabolite produced by P. aeruginosa) at individual electrodes in the on-chip array can serve as a spatially resolved image of the distinctive phenazine production throughout the colony. Using SWV, the authors identified and quantified (for concentrations as low as 2.6 μM) four distinct redox-active metabolites (phenazines) produced in both wild-type and mutant P. aeruginosa PA14 biofilms. This system exemplifies the potential applications of miniaturised and multiplexed electrochemical sensors, capable of giving specific chemical and space resolved information beyond simple pathogen detection. However, this device still requires the growth of P.
aeruginosa on agar plates and seems more useful for research purposes in microbiology laboratories than for on-site detection of pathogens in clinical and environmental samples. aureus ( Figure 7 ). 42 The micron-sized electrodes reported by the authors exhibit an increased cross-section for the interaction with the analyte, whereas the nanostructuring enhances the sensitivity by improving the hybridisation efficiency between the tethered probe and the analyte. The patterned microsensors are functionalised with peptide nucleic acid probes specific to regions of the targeted pathogens. , which allows for multiple turnovers of Ru(NH 3 CFU/mL and 6 CFU/mL for B. cereus and E. coli O157:H7, respectively. Despite the remarkable sensitivity of this device, no direct signal-to-concentration correlation was found and hence no quantitative data could be extracted -presumably due to the limited efficiency of the NP-electrode interface for capturing these microbes. 43 The virulence of some bacterial populations is regulated by the production of specific quinolones involved in cell-to-cell signalling. These metabolites offer a specific and population-dependant means to detect infection and to prevent an outbreak. Zhou et al.
developed a sensitive and selective method to qualitatively identify P aeruginosa by detecting its signal 2-heptyl-3-hydroxy-4-quinolone (Pseudomonas Quinolone Signal, PQS).
A metabolic intermediate of PQS and Burkholderia pseudomallei´s signal 2-heptyl-4-quinolone (HHQ) was used as specificity control, along with synthetic PQS analogs. Using cyclic voltammetry, they were able to detect PQS in the presence of HHQ on a boron-doped diamond electrode due to specific voltammetric signals associated with each metabolite.
Moreover, quantification of these metabolites was additionally performed by amperometric techniques, establishing an exceptional detection limit of 1.0 nM for PQS. 45 Lin et al. reported the fabrication of disposable, screen-printed carbon electrode (SPCE) strips for the rapid immunoamperometric detection of E. coli O157:H7. 46 The method uses the working electrode ( Figure 9A ). The SPCEs consist of a 9.8 mm 2 carbon surface working electrode and a 9.8 mm 2 carbon surface counter/reference electrode. The results show that the combined use of carbon electrodes modified with gold NPs and of ferrocenedicarboxylic acid as the substrate for hydrogen peroxidase mediator enhanced the response current 13-fold. Concentrations of E. coli O157:H7 from 10 2 to 10 7 CFU/mL were detected, and the limit of detection after 60 min was approximately 6 CFU/strip in phosphate buffered saline and 50 CFU/strip in milk. Additionally, the current response for other species was the same as a that of a blank with no bacteria ( Figure 9B ). Key features of this sensor are the ability to analyse real food samples, portability, specificity and a wide linear response window (5.75 × 10 2 to 5.75 × 10 7 CFU/mL) for detecting E. coli O157:H7. Salmonella in milk. 23 The authors preconcentrated the bacteria from milk samples by using magnetic beads through an immunological reaction. In a second step, a polyclonal antibody, labelled with peroxidase, is used as serological confirmation with electrochemical detection based on a magneto-electrode ( Figure 10 ). This method, with an overall analysis time of 50 min, displayed excellent microbe specificity in the analysis of Salmonella samples contaminated with E. coli, yet the limit of detection (LOD) was rather high from direct analysis of milk samples (7.5 × 10 3 CFU/mL). Reprinted with permission from ref. 48 Another selective detection method was described by Rishpon and Ivnitski using a separation-free amperometric enzyme-channelling immunosensor for the detection of S.
aureus. 49 This biosensor showed a wide linear detection range of 10 3 to 10 7 CFU/mL in which the measured changes of impedance were proportional to the logarithmic value of C. jejuni concentration, yielding a limit of detection of 10 3 CFU/mL. This detection tool presented some advantages such as easy regeneration of the immunosensor, high selectivity and negligible interference from E. coli and Salmonella sp. However, even though the electrochemical detection was considerably fast, the sample preparation was timeconsuming because bacteria had to be extracted and incubated for 36 hours.
Barreiros dos Santos et al. reported a highly-sensitive, label-free immunosensor for the detection of pathogenic E. coli O157:H7. 54 Anti-E. coli antibodies were covalently immobilised onto gold electrodes via a self-assembled monolayer (SAM) of mercaptohexadecanoic acid, and the pathogenic bacteria were detected by electrochemical impedance spectroscopy ( Figure 11A -B). Significant differences in the impedance measurement were observed upon an increase of bacteria concentrations. The immunosensor showed a very low limit of detection (2 CFU/mL) and a long linear range (from 3 × 10 -3 to 10 4 CFU/mL). In the presence of S. typhimurium and E. coli O157:H7, this biosensor showed high selectivity to E. coli O157:H7 with negligible response to S. typhimurium adsorption ( Figure 11C ). 
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An impedimetric biosensor, based on an interdigitated array microelectrode coupled with magnetic NP-antibody conjugates, was reported by Varshney et al. 55 The authors implemented this system for the detection of E. coli O157:H7 in ground beef samples.
Biotin-labelled anti-E. coli antibodies, immobilised onto streptavidin-coated magnetic NPs, were used to separate and concentrate E. coli O157:H7 from ground beef samples. 4 Ω due to bonding between the bacteria and the T4 phage. The limit of detection was established in 10 4 CFU/mL for 50 µL samples, yielding a potential approach for specific bacteria detection. 56 In addition, in order to demostrate the specificity of the system for the detection of E.coli, control impedimetric measurements were performed in precence of S.
typhimurium. As a result, non-significant changes associated with the phage capture of S.
typhimurium were observed in the impedimetric signal. 
Conclusions and perspectives
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• Analyte isolation
• Viable cells only E. coli Electrochemical biosensors have been investigated for over 10 years, but despite enormous advances that have been already achieved, the penetration of biosensors into the market is slow. This is a consequence of the different challenges that this technology is still facingoptimisation in sample preparation, in analysis time and in device sensitivity. Therefore the progress of electrochemical sensors for the detection of pathogens requires a significant effort in fundamental, technical and mechanistic studies.
In particular, the development of novel nanomaterials with high surface area, conductivity and stability would bring about the essential performance upgrades necessary for the ultimate comercialisation of these sensors. Moreover, the progress in the design of innovative and low cost ligands (e.g., synthetic (glycol)polymers), with higher selectivity and stability, will help to define new biorecognition elements for improved biosensors.
New advances in the development of sensors with microfluidics, transducer sensitivity, signal amplification, magnetic filtration, microelectrode arrays and antibody design and production, have provided significant improvements to the sensitivity and the selectivity targets in the detection of pathogens. In addition, these advances represent a step forward towards the design of fully-automated, portable and inexpensive biosensors for the rapid detection of microorganisms both on-field and in the laboratory.
Beside all of these technological advances, electrochemical sensors with even higher sensitivity are limited by the residence time of the analyte with the electrochemical interface. Intensive efforts should be made to increase the mass transport of the analyte towards the electrochemical interface (via microfluidic systems or localised increases of temperature) and/or to form a homogenous distribution of the sample at the electrochemical interface (via conductive high-surface-area nanoporous sol-gels and aerogels).
In terms of the engineering, electronic and computational aspects, one of the great challenges of electrochemical nanosensing is the development of fully-automated microarray platforms with rapid electronic response for data analysis and display. This, however, requires the development of improved mathematical models that enable multianalyte detection.
Finally, intensive research should focus on validating these biosensors on large populations of real samples. These studies should include complex clinical and environmental samples with assorted matrices, instead of using laboratory standards, as to do so will ensure response robustness and reproducibility.
In summary, ideal electrochemical biosensors should be sensitive, portable, fast and easy to use by non-specialists without compromising the accuracy of the analysis. Further work is necessary for the wide comercialisation of cheap and long storage devices with minimum sample pre-treatment. Overcoming all these challenges will bring electrochemical biosensors to the general user, providing a powerful tool for early diagnosis, outbreak prevention and tackling the spread of infection. 
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